Spurious grid-scale precipitation (SGSP) occurs in many mesoscale numerical weather prediction models when the simulated atmosphere becomes convectively unstable and the convective parameterization fails to relieve the instability. Case studies presented in this paper illustrate that SGSP events are also found in the North American Regional Reanalysis (NARR) and are accompanied by excessive maxima in grid-scale precipitation, vertical velocity, moisture variables (e.g., relative humidity and precipitable water), mid-and upper-level equivalent potential temperature, 
Previous studies describe how SGSP (a.k.a., numerical point storms, grid-point storms, precipitation bull's eyes, spurious grid-scale convection, and grid-scale precipitation bombs) typically develop in mesoscale models, particularly at grid-spacings where convection needs to be treated as both a parameterized and grid-resolved process (~10-50 km, Kain and Fritsch 1998) . By accounting for the integrated effect of sub-grid-scale convective processes, most convective parameterizations feature a maximum heating rate in the upper-levels since moist downdrafts act to cool the low levels (Zhang et al. 1988) . If the convective parameterization is not activated, or fails to remove the instability in a timely manner, then the convection may be aliased to the smallest resolved scale of the model (Molinari and Dudek 1992) . In such situations, sub-grid-scale processes are not fully accounted for, particularly the influence of moist downdrafts, and a positive feedback cycle may result with excessive low-level latent heating, surface-pressure falls, lowlevel moisture convergence, and grid-scale precipitation (Koch et al. 1985 , Molinari and Dudek 1986 , Zhang et al. 1988 ).
The NARR employs the Betts-Miller-Janji (BMJ) convective parameterization (Janji 1990 , Janji 1994 ) and the Zhao grid-scale microphysical parameterization (Zhao and Carr 1997, Zhao et al. 1997) 1 . Gallus (1999, see his Fig. 19 ) describes a "gridpoint stormlike" precipitation maximum produced by an Eta simulation with 12-km grid spacing that included the BMJ convective parameterization. In simulations with 10-km grid spacing that do not employ a convective parameterization, Gallus and Segal (2001) found that the Eta model produces areas of localized latent heating, vertical motion, and precipitation that result in poor precipitation skill scores. In previous operational 22-and 12-km versions of the Eta, SGSP occurred when the BMJ and gridscale precipitation parameterizations were both active, but the rate of drying and stabilization produced by the BMJ scheme was not rapid enough to prevent grid-scale saturation in a deep layer (Rogers et al. 2005a , UCAR 2005a ,b, Jascourt 2005 ).
The present study documents the existence, frequency, and geographic distribution of and temporally as summarized by Mesinger et al. (2006) . For analysis years 1979-2002, when the NARR was run retrospectively, the hourly analyses over the continental United States (CONUS) were based on a gridded analysis of 24-h rain gauge data that was disaggregated into hourly bins based on a 2.5° analysis of hourly rain gauge data. Over Mexico and Canada, the assimilated precipitation data was also based on a gridded analysis of 24-h rain gauge data, but the disaggregation is done using the NCEP/DOE Global Reanalysis (GR2) 1-hourly precipitation forecasts. The original 24-h rain gauge analyses over the CONUS were created using an inverse-square weighting scheme and orographic enhancement technique based on the PRISM climatology (Daly et al. 1994) , whereas a Cressman successive-scan approach was used over Mexico and Canada. Over the oceans south of 27.5°N and land areas south of Mexico, precipitation data was provided by the CPC Merged Analysis of Precipitation (CMAP; Arkin 1997, 1998) , which was disaggregated into hourly bins using the GR2 precipitation reanalyses. Over the midlatitude oceans, there was a linear transition to no assimilation between 27.5° and 42.5°N due to a lack of reliable precipitation estimates over the higher latitude oceans. In addition, there was no assimilation of precipitation over tropical cyclones since the CMAP estimates are not skillful during heavy precipitation events.
Beginning in 2003, NARR analyses are generated in near-real time by the R-CDAS, which is identical to the retrospective NARR except for changes in the input datasets and their processing due to real-time production constraints. The most significant are the use of the CPC Morphing Method Dataset (CMORPH, Joyce et al. 2004 ) instead of CMAP data for oceanic analyses, the termination of precipitation assimilation over Canada, and the use of hourly real-time 4-km WSR-88D radar-dominated precipitation analyses instead of hourly gauge data to disaggregate 24-h precipitation analyses over the CONUS (Mesinger et al. 2006) . As noted by Mesinger et al. (2006, p. 356 ) about 3 years of R-CDAS analyses (2003) (2004) (2005) were reprocessed due to an error in the processing of CMORPH precipitation. We present results from both the original and reprocessed 2003 analyses in the present paper.
NARR analyses were obtained from the National Climatic Data Center's Model Data Access National Oceanic and Atmospheric Administration Operational Model Archive Distribution System Web Interface. Graphics and diagnostic analyses were generated using the Grid Analysis and Display System (GrADS) following interpolation to an internal grid with 1/3° latitudelongitude grid spacing.
b. SGSP identification
We used an objective SGSP identification technique based in part on the methodology described by UCAR (2005b) to identify SGSP events. The technique searches for nearly collocated maxima in grid-scale precipitation, vertical velocity, and precipitable water, as well as the presence of convective available potential energy (CAPE), characteristics that typically accompany SGSP in the Eta model. Near collocation is used because the grid-scale precipitation represents a 3-h accumulation, whereas analyses of the above variables are instantaneous and may not be perfectly collocated with 3-h precipitation maxima.
For a selected grid point, the technique first examines the analyzed 3-h precipitation within a surrounding 11x11 grid-point outer box (Fig. 2) . To be classified as an SGSP event: (1) the grid-scale precipitation at the selected grid point must be the largest within the outer box, be at least double that at eight surrounding grid points (numbered), and exceed the convective precipitation at the grid point, (2) the upward vertical velocity at any grid point within the inner 7x7 gridpoint (2°x2° lat-lon) box must exceed 50 cm s -1 at 500 hPa, 400 hPa, or 300 hPa and be double that at the eight queried grid points, (3) the precipitable water at any grid point within the inner box must exceed that at the 8 queried grid points, and (4) positive CAPE must exist at any grid point within the inner box. To ascertain duration, if SGSP is found within 2° lat-lon at the next NARR analysis time, it is considered to be the same event. This represents a large outer bounds for SGSP movement (74km h -1 ) and is based on inspection of several cases. The threshold values for the algorithm were determined through extensive experimentation and developed to eliminate false positives. The algorithm also does not allow for multiple SGSP to exist within an 11x11 grid-point box, so it may underestimate the actual number of SGSP events.
c. Case study datasets
Surface data for the SGSP examples was provided by the standard operational network and the MesoWest cooperative networks (Horel et al. 2002) . The data were quality controlled following Splitt and Horel (1998) and a grid-scale precipitation maximum is present just to the east where precipitation was widely scattered (labelled SGSP, Fig. 5b ). This grid-scale precipitation maximum represents the incipient SGSP. A NARR sounding from this location features a dry, well-mixed boundary layer that extends to 700 hPa and is surmounted by a conditionally unstable layer with near-constant (~6°C) dew-point depressions (Fig 6) . At this time, there is no surface-based CAPE.
Over the next 3 h, the convective parameterization produces precipitation mainly over and to the southeast of southeastern Wyoming (Fig. 7a ). The SGSP is now fully developed and features a grid-scale precipitation maximum that exceeds 5 mm (Fig. 7b) . A meridional cross-section through the SGSP reveals strong 700-500 hPa convergence that feeds an intense grid-scale updraft that reaches 72 cm s -1 (Fig. 8a) . The elevated nature of the convergence likely results from the high cloud base, which produces a latent heating maximum that is higher than found in previously documented SGSP events (e.g., Koch et al. 1985) . A column of locally high relative humidity and θ e are collocated with the updraft above 700 hPa. A pronounced cold pool, indicated by locally low-θ e and presumably produced by low-level diabatic cooling accompanying the gridscale precipitation, exists below 800 hPa. The cold pool is strongest rearward of the grid-scale precipitation maximum (Fig. 7b ).
Compared with other SGSP events that we have examined, this cold pool is especially strong and accompanied by dramatic MSLP, geopotential height, and temperature extrema. The NARR analyzed 1024-hPa MSLP maximum is several hPa higher than the surrounding pressures of ~1018 hPa and anomalously high compared to observed (cf. Figs. 7b, 9) . A NARR time series shows a 7-hPa spike in surface pressure beneath the developing SGSP from 0300-0600 UTC (not shown). Concurrently, near-surface (850-hPa) geopotential heights increase > 65 m, and near-surface temperatures within the cold pool are 10°C lower than in the surrounding region.
The SGSP, cold pool, and mesohigh take several hours to decay. The vertical velocity, RH, and θ e maxima persist through 0900 UTC, although the low-level cold pool weakens (Fig. 8b) . By 1200 UTC, vertical velocities weaken to background values and maxima in other fields are weakening and broadening in scale (Fig 8c) . Throughout this period, the SGSP produces 3-6 mm (3h) -1 of precipitation. By 1500 UTC there is no sign of the SGSP (not shown).
This event provides an example of spurious low-level cold pool development accompanying SGSP development over a deep, dry boundary layer. The development of the low-level cold pool and mesohigh contrasts with other SGSP events (e.g., Koch et al. 1985; Zhang et al. 1988) and was likely the result of the relatively high cloud base, which led to a more elevated latent heating maximum and strong low-level diabatic cooling as precipitation produced by the gridscale precipitation scheme fell into the dry sub-cloud layers. The cold pool would not have developed if the instability was removed by the BMJ convective parameterization, which adjusts the temperature and dewpoint to a reference profile only from the model's convective cloud bottom to top, and does not produce evaporatively cooled downdrafts in the subcloud layer (Betts 1986 ).
Instead, the BMJ convective parameterization can only indirectly cool the subcloud boundary layer through parameterized turbulent mixing, reduction of insolation due to cloud cover, or, if during the day, reduced surface sensible heat fluxes as convectively parameterized precipitation increases the soil moisture. The nearby convection in western Kansas, where a well-mixed, dry boundary layer was also present, illustrates this point; the instability was relieved by the BMJ convective parameterization, and grid-scale precipitation and unrealistic cold pools were not observed (e.g., Fig. 5 ).
b. Continental SGSP over the Midwest
This example illustrates a more typical SGSP event that has a less dramatic low-level impact. At 0000 UTC 6 Jul 1997, a weak 500-hPa trough and absolute vorticity maximum moves across Wisconsin roughly 400 km ahead of a surface trough (Figs. 10a,b) . The 0000 UTC sounding from Lincoln, IL (ILX, see Fig. 10b for location), roughly 600 km ahead of the surface trough, features a stable layer from 825-700 hPa and is not favorable for deep convection (Fig. 11) . Further north, the stable layer caps surface-based convection north at Green Bay, WI (GRB, CAPE along parcel path is the result of a spike in near surface dewpoint). In contrast, near the surface trough at Twin Cities, MN (MPX), the stable layer is higher and weaker, conditionally unstable lapse rates extend from 975 to 650 hPa. Showers and widely scattered thunderstorms develop over northwest Wisconsin ~2300 UTC 5 Jul and by 0300 UTC 6 Jul extend ENE from northeast Iowa to eastern Wisconsin (Fig. 12a) . The showers move slowly into southeast Wisconsin by 0600 UTC (Fig. 12b ). Observed and radar estimated precipitation is generally light (< 5 mm), but at some stations exceeds 20 mm (not shown).
The 0000 UTC 6 Jul 2003 NARR analyses show a tongue of higher CAPE air with areas of convective precipitation extending northeastward over MPX and Wisconsin (Fig. 13a ). The NARR sounding at GRB lacks the stable layer that is evident in the observed sounding (cf. Figs. 11, 14) . The lack of this stable layer results in higher CAPE, less convective inhibition, and a more favorable profile for deep convection than observed. As a result, the areal coverage of convective precipitation, particularly to the northeast, is greater than suggested in radar analyses and surface reports (not explicitly shown for 0000 UTC; cf. Figs. 12a, 15 for 0300 UTC).
In addition, two weak grid-scale precipitation maxima exist over southeast Wisconsin and along the Indiana-Michigan border where no radar echoes or precipitation are observed (Fig.   13b ). These areas of SGSP intensify by 0300 UTC with the precipitation at both locations produced primarily by the grid-scale precipitation scheme (cf. Figs. 15a,b) .
Meridional cross-sections through the easternmost SGSP illustrate the dramatic changes that occur during SGSP development (Fig. 16) . At 0000 UTC, a shallow layer of high-θ e air (~314 K) extends from the surface to ~850 hPa with lower-θ e air aloft between 850 and 700 hPa (Fig 16a) . The vertical motion is weak in the lower troposphere (< 3 cm s -1 ) with weak subsidence aloft. By 0300 UTC, an intense grid-scale updraft reaching 60 cm s -1 extends through the troposphere (Fig. 16b) . Maxima in relative humidity and θ e accompany the updraft. The SGSP also produces precipitable water and 500-hPa absolute vorticity maxima (not shown), consistent with other SGSP studies (e.g., UCAR 2005a,b). The SGSP weakens rapidly, with no strong ascent and only weak θ e and relative humidity maxima apparent by 0600 UTC (Fig. 16c ).
Unlike (Fig.   17) . A weak cold front extends equatorward and westward from the mid latitudes into the subtropics (Fig. 18b) . Infrared satellite imagery at 2315 UTC indicates convective cells at ~30°N near and just ahead of the cold front (Fig. 19) . NARR CAPE values across the tropical and subtropical
Atlantic range from 100-1500 J kg -1 (Fig. 18a) . Figure 20 presents a NARR sounding from precipitation area 3 in Fig. 18 . This sounding is characteristic of much of the tropical and subtropical Atlantic Ocean at 0300 UTC and features conditionally unstable lapse rates through the greater part of the lower and middle troposphere, near saturated conditions at the surface, 459 J kg -1 of surface-parcel CAPE, limited convective inhibition, and an equilibrium level of 275 hPa.
Three areas of SGSP (1, 2, and 3 in Fig. 18 ) are present. SGSP1 has been gradually intensifying since 0300 UTC 28 Feb (not shown), whereas SGSP2 and SGSP3 formed just after 2100 UTC 28 Feb. Persistence of SGSP for such long periods was rare prior to the precipitation data processing error and occurred despite an active convective parameterization in all three areas (cf.
Figs. 18a,b). Cross sections through the three events feature vertical velocities exceeding 100, 52, and 86 cm s −1 , respectively (Figs. 21a-c) . Consistent with other SGSP, all three events feature relative humidity and θ e maxima (Fig. 21) . The MSLP and low-level temperature fields beneath some of these events are only weakly affected (Fig. 18b ). SGSP1 has weak low pressure and warm temperature anomalies, while SGSP2 and SGSP3 have weak cold pools. Unfortunately, the weak amplitude of the temperature anomalies, combined with the limited temporal resolution of the NARR analyses, prevents an evaluation of the causes of the contrasting low-level temperature impacts.
SGSP2 grows in intensity and scale through 1200 UTC 1 Mar when strong rising motion exceeds 108 cm s -1 and extends across several degrees of latitude (Fig. 22) . This is an excellent example of unrealistic NARR oceanic analyses observed over the tropical and subtropical Atlan- These cases illustrate the that the structure of NARR SGSP events is similar to that observed in the Eta and other numerical modeling systems. Specifically, NARR SGSP are characterized by:
• excessive grid-scale precipitation,
• a maximum in low-level or mid-level convergence that feeds into an intense grid-scale updraft (height of the convergence depends on the elevation of cloud base and the gridscale latent heating maximum),
• maxima in relative humidity and precipitable water,
• a maximum in θ e within in the middle and upper troposphere,
• and a maximum in absolute vorticity in the middle and upper troposphere (not shown).
In the low-levels, the response varies depending on boundary layer characteristics, but cases with deep, dry boundary layers and high lifting condensation levels may develop anomalous cold pools and mesohighs.
Frequency and distribution of NARR SGSP

a. Prior to NARR reprocessing
The examples above establish the existence and illustrate the characteristics of SGSP in the NARR. In this section, we examine the temporal and geographic distribution of SGSP events.
As noted in section 2, NARR analyses began to be generated in near-real time by the R-CDAS beginning in Jan 2003. The R-CDAS is identical to the retrospective NARR analysis system except for changes in precipitation (and ice cover) datasets and processing (Mesinger et al.
2006), a switch from CMAP to CMORPH precipitation analyses for oceanic precipitation analyses (the latitudinal weighting scheme described in section 2 was retained). In Jun 2005, NCEP discovered an error in the reading of the CMORPH analysis (Mesinger et al. 2006 ) in the original R-CDAS generated NARR analyses. As shown below, this contributed to a dramatic increase in the frequency of NARR SGSP events.
As identified using the algorithm described in section 2, the annual number of NARR SGSP events is relatively small (averaging 370) until 2003 when it increases to more than 4000 in the original R-CDAS generated NARR analyses (Fig. 23) (Fig. 24a) . A majority of the events (252, 64%) occur over land and no events occur over the high latitude oceans where there is no precipitation assimilation. In fact, there are only 4 oceanic SGSP events that occur north of 42.5°N from
1979-2002.
In the original R-CDAS generated NARR analyses for 2003, the number and distribution of events are significantly different (Fig. 24b ). There are 591 continental SGSP events, more than There are also differences in the monthly distribution of SGSP events. Prior to 2003, the event frequency peaks during the warm season (Fig. 25a) . In contrast, 2003 exhibits a cool-season maximum, with a minimum in July (Fig. 25b) .
In 2002, only 2% of events persist for more than one time interval (3 h). The 2003 events tend to be longer lived with 20% of events lasting for > 6 h, 6% for > 9 h, 4% for > 12 h, and a few events persisting for > 15 h. The more persistent events are primarily oceanic, although 8% of the continental events persist for > 6 h.
As discussed earlier, SGSP may be accompanied by spurious MSLP, geopotential height, 
b. Reprocessed NARR analyses
After the discovery of the CMORPH processing error, we hypothesized that the repro- The regions of increased SGSP events (i.e., the CONUS and subtropical and tropical oceans) are where changes were made in precipitation datasets and processing for the R-CDAS (see section 2), whereas the region of decreased SGSP events is where precipitation is no longer assimilated.
c. Discussion
The analysis described above illustrates that NARR SGSP are found primarily in regions where precipitation is assimilated into the analysis. 
Conclusions
This paper has examined the characteristics and frequency of spurious grid-scale precipitation (SGSP) in the North American Regional Reanalysis (NARR). The three case studies presented illustrate that SGSP events are associated with unrealistic maxima in grid-scale precipitation, vertical velocity, moisture variables (e.g., relative humidity and precipitable water), mid-and upper-level equivalent potential temperature, and mid-and upper-level absolute vorticity. In the 29 Jun 2003 event, cloud base was located above a deep, dry boundary layer, resulting in substantial sub-cloud diabatic cooling and the creation of a low-level cold pool and mesohigh. should ensure that they are using the reprocessed NARR after 2002, although these analyses, which are generated in near-real time by the R-CDAS, still feature a large number of SGSP events (~2000 annually) when compared to the retrospectively generated NARR analyses prior to 2003.
The lack of SGSP events in areas where there is no precipitation assimilation, combined with the dramatic increase in the frequency of SGSP events when precipitation was improperly specified in the original NARR analyses, suggests that in many cases SGSP development is not due to shortcomings of the underlying Eta model, but instead by the specification of anomalous latent heating when there is a strong mismatch between modeled and assimilated precipitation.
With only ~370 cases per year, SGSP will probably have little or no effect on long-term hydrome- 
